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Impact of the ground-state 4 f symmetry for anisotropic c f hybridization in the heavy-fermion
superconductor CeNi2Ge2
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We report the ground-state symmetry of Ce 4 f states in the heavy-fermion superconductor CeNi2Ge2, yielding
anisotropic c f hybridization between Ce 4 f states and conducting electrons. By analyzing linear dichroism in
soft x-ray absorption and core-level hard x-ray photoemission spectra, the 4 f symmetry is determined as �-type
�7, promoting predominant hybridization with the conducting electrons originating from the Ge site. The band
structures probed by soft x-ray angle-resolved photoemission indicate that Ge 4p components contribute to band
renormalization through anisotropic hybridization effects, suggesting that control of the electronic structures of
a Ge orbital helps to achieve the exotic phenomena in CeNi2Ge2.
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I. INTRODUCTION

Quantum critical (QC) phenomena such as unconventional
superconductivity [1,2] with an enormous effective-mass en-
hancement [1–6] have been one of the central topics in
strongly correlated 4 f -based heavy-fermion (HF) systems.
Moreover, intriguing new phenomena such as topological
phases and competition or the cooperation between mag-
netism and superconductivity have been reported in recent
decades [7–10]. The origin of the QC phenomena for realistic
HF systems is proposed by several models based on the spin
fluctuation [11], Kondo breakdown [12–14], and valence fluc-
tuation theories [15,16]. In addition, it has been pointed out
that the anisotropic hybridization effects between the conduc-
tion bands and the localized 4 f states with highly anisotropic
charge distribution are essential to drive the exotic phenomena
[17–19].
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CeNi2Ge2, which is one of the Ce-based ternary com-
pounds with a tetragonal ThCr2Si2 structure, shows non-
Fermi-liquid behavior with a superconducting phase transition
below 0.2 K at ambient pressure [2]. The Sommerfeld
coefficient is evaluated as 350 mJ/(mol K2) [5], suggest-
ing that the ground states are in the vicinity of the QC
point. The electronic structures have been investigated by
angle-resolved photoemission (ARPES) in three-dimensional
reciprocal space [20,21], showing band renormalization at the
particular momenta [21]. Since the anisotropy of the band
renormalization was originating from the anisotropic c f hy-
bridization between the local 4 f orbitals and itinerant valence
bands, this motivates us to carry out a detailed investigation
of the 4 f symmetry on CeNi2Ge2 to reveal the origin of the
unconventional QC phenomena in the ground states.

In the tetragonal crystalline electric field (CEF), the
local 4 f states with a total angular momentum J = 5/2
for Ce3+ ions are expressed by three Kramers doublets
equated as follows: |�1

7〉 = α|Jz = ± 5
2 〉 + √

1 − α2| ∓ 3
2 〉,

|�2
7〉 = √

1 − α2| ± 5
2 〉 − α| ∓ 3

2 〉, and |�6〉 = | ± 1
2 〉, where

the parameter of α (−1 � α � 1) and its ± sign gives the
c-axis anisotropy and the in-plane rotational symmetry of the
�7 states, respectively. To determine the symmetry of the
CEF-split 4 f ground state in tetragonal Ce compounds, it is
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FIG. 1. Linearly polarized XAS spectra of CeNi2Ge2 at Ce
M4,5 edges for a photon incidence angle θ = 70◦ with s- and p-
polarization, together with the spectral simulations assuming the
ground state in the �7 (α2 = 0.4 and 0.81) symmetry and that in
the �6 symmetry.

powerful to utilize Ce 3d-4 f x-ray absorption spectroscopy
(XAS) and Ce 3d core-level hard x-ray photoemission (HAX-
PES) with high bulk sensitivity. The dipole-allowed selection
rules for the linearly polarized x-ray work in the optical pro-
cesses of XAS and HAXPES, which helps us to determine the
4 f symmetry not only for the c-axis anisotropy but also for
the in-plane rotational symmetry [22–24].

In this paper, we report the symmetry of the Ce 4 f states
in the CEF-split ground state by the combined spectroscopic
technique for CeNi2Ge2 to reveal the origin of the anisotropic
c f hybridization. The magnetic properties in the Ce 4 f
ground states are discussed by using the x-ray magnetic circu-
lar dichroism (XMCD) in XAS spectra in the Ce M4,5 edges.
Moreover, the soft x-ray ARPES probes the detailed bulk
band structures and Fermi surfaces reflecting the anisotropic
hybridization effects.

II. EXPERIMENT

High-quality RNi2Ge2 (R = Ce,La) single crystals were
grown by the Czochralski method. The spectroscopic exper-
iments were conducted at a measurement temperature below
20 K, which is sufficiently lower than the excited states
above 200 K [25]. The linearly and circularly polarized XAS
measurements were performed at BL27SU and BL23SU of
SPring-8, respectively, where the absorption spectra were
obtained in total-electron-yield mode [26–29]. The XMCD
spectra were measured under magnetic fields up to 10 T
along the incident beam direction in 1 Hz helicity-switching
mode [26]. The HAXPES measurements were performed at
BL19LXU of SPring-8, where double diamond phase re-
tarders were installed to switch the linear polarization of the
incident x-ray with the photon energy of 7.9 keV [30,31].
Since an MBS A1-HE hemispherical photoelectron spec-
trometer was installed in the horizontal plane with an angle
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FIG. 2. (a) XAS and XMCD spectra at Ni L2,3 and Ce M4,5 edges
of CeNi2Ge2. (b) Magnetic susceptibility of CeNi2Ge2. Dotted data
indicate the experimental results [43] with the simulation (solid lines)
using the parameters in Table I (see the Appendix).

to incident photons of 60◦, the experimental configuration
for the horizontally (vertically) polarized light corresponds
to the p-polarization (s-polarization), respectively. In addition,
the detection directions of the photoelectrons with respect
to the crystal axes were optimized by the two-axis manipulator
with polar (θ ) and azimuthal (φ) rotation angles [31]. The
energy resolution was set to about 550 meV for the HAXPES
experiments. Soft x-ray ARPES experiments were performed
at BL23SU of SPring-8 [26] using a Gammadata-Scienta
SES-2002 electron analyzer. The energy resolution was set to
about 70–130 meV for a photon energy (hν) of about 580–
780 eV for ARPES experiments. The samples were cleaved in
situ to expose clean (001) surfaces. Moreover, sample quality
was checked by the absence of O and C 1s core-level peaks
in the photoemission experiments, which are derived from
possible impurities or surface oxidization [21].

III. RESULTS AND DISCUSSION

A. Ground-state 4 f symmetry

Figure 1 shows the XAS spectra of CeNi2Ge2 obtained
at Ce M4,5 edges with a photon incidence angle θ = 70◦.
The spectra show the linear polarization dependence for the
s (p) -polarized configurations, denoted as s-pol. (p-pol.),
respectively, reflecting the anisotropic orbital symmetry of
the Ce 4 f states along the c-axis. To extract the informa-
tion of the c-axis anisotropy, we have performed ion-model

165121-2



IMPACT OF THE GROUND-STATE 4 f SYMMETRY FOR … PHYSICAL REVIEW B 108, 165121 (2023)

FIG. 3. (a) Ce 3d core-level spectrum together with Ni 2p states.
(b) Ce 3d5/2 state (solid lines) with the subtracted background
(dashed lines).

calculations for the XAS spectra including the full multi-
plet theory implemented by XTLS ver. 9.0 program [32].
The atomic parameters were obtained from the Hartree-Fock
values for Ce3+ ion [33,34]. By comparing the spectral sim-
ulation, we can clearly exclude the possibilities of the �6

symmetry in the ground states. Moreover, we found the
anisotropic parameter α2 of 0.4 for the �7 states using the
ionic model calculations to fit the linearly polarized XAS
spectra. Note that the simulation with α2 = 0.81, which was
given by the magnetic susceptibility [35], cannot explain the
experimental results.

The validity of the anisotropic parameter obtained from the
spectroscopy can be checked by the local magnetic moment.
However, it is not simple for CeNi2Ge2, which is constituted
by two magnetic elements of Ce and Ni. The element-specific
investigation using XMCD in both Ce and Ni edges is thus
important to discuss the magnetic contribution derived from
the Ce 4 f and Ni 3d states [22,36–38]. Figure 2(a) shows the
XAS spectra recorded in parallel (μ+) and antiparallel (μ−)
configurations between the light helicity and the direction of
the magnetic field. The circular polarization dependence is
clearly observed in the Ce M4,5 edges as highlighted in the
XMCD spectra defined as μ− − μ+. Meanwhile, the XMCD
signals are absent in the Ni L2,3 edges, indicating that the
Ni 3d states do not contribute to the magnetic properties in
CeNi2Ge2.

Quantitative information on the total atomic magnetic mo-
ment of the Ce 4 f states can be obtained by applying the
corrected XMCD sum rules [39–41],

〈Lz〉 = 2q(14 − n f )

rPc
, (1)

〈Lz〉
〈Sz〉 = 4C

5p/q − 3

(
1 + 3

〈Tz〉
〈Sz〉

)
, (2)

FIG. 4. (a),(b) Ce 3d5/2 core-level photoemission spectra with s- and p-polarization, together with the spectral simulations and multiplet
calculations assuming the ground-state symmetry of �-type �7. The photon incidence and photoelectron emitting angles are 15◦ and 45◦,
respectively. The azimuthal angle (φ) is set to be 0◦ (a) and 45◦ (b) for the crystal c-axis. The experimental geometries are illustrated in the
insets. Note that the spectra obtained in the 0◦ configuration (�E ∼ 400 meV) in (a) were recorded with slightly better energy resolution than
that for the 45◦ configuration (�E ∼ 550 meV) in (b). The dashed lines in (a) and (b) are guides to the eye to stress the multiplet structures.
(c) Azimuthal (φ) dependence of the LD spectra obtained from the experiment and the spectral simulations with �- and 	-types.
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FIG. 5. The schematic view of charge distribution for �- and 	-
type �7 orbital of the Ce 4 f states on CeNi2Ge2 in the ab-plane of the
tetragonal lattice in (a) and (b), respectively, together with the crystal
structure of CeNi2Ge2 in (c).

where p (q) is the integral of the XMCD signal over the M5

(M4,5) edges, r is the integral of the polarization-summed
XAS intensity over the M4,5 edges, Pc denotes the degree
of circular polarization of the incident x-rays, and C is the
correction factor for the mixing of the multiplet structure be-
tween the 3d5/2 and 3d3/2 levels caused by 3d-4 f electrostatic
interactions. n f is the occupation number of 4 f electrons, and
〈Tz〉 is the expectation value of the magnetic dipole operator.
Assuming Pc = 0.97 [22,26], n f = 1, and an atomic 〈Tz〉/〈Sz〉
ratio of 8/5 with C = 1.6 [41], we obtained the total magnetic
moment of the Ce3+ ion as 0.092 µB. The bulk magnetiza-
tion measurements suggest the magnetization of CeNi2Ge2 is
around 0.1 µB at 10 T and 4.2 K [42]. Thus, the magnetization
of CeNi2Ge2 is quantitatively explained with the Ce3+ ion.

Figure 2(b) shows the magnetic susceptibility obtained un-
der an external magnetic field of B = 0.1 T parallel to the a
and c-axes [43], compared with the simulation based on the
CEF model for the Ce3+ ion using the CEF parameters as
summarized in the Appendix. The c-axis susceptibility is well
explained by the simulation based on our CEF model, while
the a-axis susceptibility shows the deviation from the pure
CEF calculation. Then, the simulated a-axis susceptibility is
corrected by the additional molecular field λa as follows:

χ−1 = (χCEF + χ0)−1 − λa, (3)

where λa of −100 mol/emu, which is comparable to
CeCu2Ge2 with λa of −50 mol/emu [23], and χ0 of 1.2 ×
10−3 emu/mol are set to reproduce the experimental data
along the a-axis as shown by the solid line in Fig. 2(b). This is
possibly due to a short-range magnetic fluctuation originating
from the antiferromagnetic correlation [44,45]. Note that the
magnetic correlation should be considered only for the in-
plane direction since the additional tuning of the molecular
field is needed only for the a-axis.

Moreover, the in-plane symmetry of the 4 f orbital is
probed by using the linear polarization dependence of the Ce
3d HAXPES spectra [23]. Figure 3(a) shows an overview of
the core-level HAXPES spectrum for the Ce 3d and Ni 2p
states in CeNi2Ge2. The Ce 3d spectrum show the atomiclike
structures due to the 3d94 f 1 and 3d94 f 2 final states, and the
tiny hump structure due to the 3d94 f 0 final states, reflecting
the sizable c f -hybridization effects [46,47]. Note that the
3d94 f 2 final-state components also reflect the hybridizations
between the 4 f orbitals and the valence (conduction) bands.
On the other hand, the sharp peaks due to the 3d10 states are
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FIG. 6. (a) Ce 3d-4 f resonance photoemission spectra of
CeNi2Ge2. The inset shows the x-ray absorption spectrum of
CeNi2Ge2 with the marker indicating the Ce 3d-4 f resonance con-
dition. The 4 f PDOS convoluted by the Fermi-Dirac function, and
the energy resolution is plotted in the bottom. (b),(c) ARPES inten-
sity plots of CeNi2Ge2 obtained by the photon energies of 744 and
881.1 eV, respectively.

observed in the Ni 2p spectrum with the satellite structures
due to the 3d9 states as seen in Ni metal [48–50]. The peak
width of the Ce 3d spectrum is wider than that of the Ni
2p spectrum originating from the multiplet structures due to
the anisotropic Coulomb and exchange interactions between
the Ce 3d core holes and the 4 f electrons, giving the linear
polarization dependence in the spectra thanks to the dipole
selection rules. In Fig. 3(b), the Ce 3d5/2 spectra obtained s-
and p-polarized configuration, denoted as Is and Ip, clearly
show the linear polarization dependence as shown in the in-
set. Then, the difference of normalized intensity Is − Ip after
subtracting the background is defined as the linear dichroism
(LD), reflecting the anisotropic charge distribution of the 4 f
states [23].

To discuss the in-plane symmetry, the Ce 3d5/2 spec-
tra are recorded at two different arrangements by rotating
the azimuthal angle φ between 0◦ and 45◦ to change the

165121-4



IMPACT OF THE GROUND-STATE 4 f SYMMETRY FOR … PHYSICAL REVIEW B 108, 165121 (2023)

FIG. 7. FS slices in the Z-�-X planes of CeNi2Ge2 and LaNi2Ge2 obtained by the kx-ky mapping at hν = 651 (714) eV and 705 eV,
respectively. (a)–(c) Momentum distributions of ARPES intensity in the Z-centered (a) and �-centered (b),(c) plane of CeNi2Ge2 (a),(b) and
LaNi2Ge2 (c), which are obtained by integrating the photoelectron intensity from the Fermi level and −0.2 eV in the unoccupied side. The
dashed lines represent the BZ boundaries. (d),(e) kF plots for CeNi2Ge2 (d) and LaNi2Ge2 (e). The dots with error bars represent the kF’s
estimated from each specific angle slice obtained by the 651 and 714 eV data together with the high statistics measurements along the
high-symmetry lines. The solid lines are guides to the eye of Fermi surfaces following the experimentally evaluated kF’s. The dashed lines
represent the BZ boundaries.

detection directions of the photoelectrons as shown in
Figs. 4(a) and 4(b), respectively. The linear polarization de-
pendence at around 884.5 eV in the φ = 0◦ configuration is
stronger than that in the φ = 45◦ configuration, which is due
to the intensity difference of the multiplet structures as simu-
lated by using the ionic calculation [32,33]. This is highlighted
in the azimuthal angle dependence of the LD spectra obtained
in the φ = 0◦ and 45◦ configurations as shown in Fig. 4(c).
Moreover, the LD spectrum for the φ = 0◦ configuration also
shows the positive peak at around 882 eV, which is located at
a lower binding energy side than that for the φ = 45◦ config-
uration. The azimuthal angle dependence of LD signals gives
a good fingerprint of the in-plane symmetry of the �7 ground
states, which is characterized by the ± sign of the anisotropy
parameter α contributing to the linear combination between
|5/2〉 and |3/2〉 components. The ionic calculations for the

Ce 3d photoemission explain the experimental LD signals for
the �-type �7 with α = −√

0.4. 	-type �7 (α > 0) is clearly
ruled out since the positions of the positive peaks around
882 eV are reversed in the LD spectra for φ = 0◦ and 45◦
configurations.

By utilizing combined core-level spectroscopies, we have
successfully determined the ground state 4 f symmetry of
CeNi2Ge2 as

|�-type �7〉 = −
√

0.4
∣∣± 5

2

〉 + √
0.6

∣∣∓ 3
2

〉
.

The 4 f states with �-type �7 symmetry have charge distribu-
tion to the corner of the unit cell as illustrated in Fig. 5, which
is pointed to the Ge site. Therefore, it is promoted that the
Ce 4 f states hybridized with conduction electrons originating
from the nearest-neighbor Ge sites, while the relatively weak
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π -bonding-like hybridization is realized between the Ce and
Ni sites.

B. Valence-band electronic structures

To discuss further details of the anisotropic hybridization
effects, it is important to investigate the valence-band elec-
tronic structures with reasonable bulk sensitivity, since it is
known that the bulk electronic structures are often different
from the surface components in the Ce122-type compounds
[51,52]. Figure 6(a) displays the Ce 3d-4 f resonant photoe-
mission (RPES) spectra obtained at hν = 881.1 eV located
at the Ce M5 absorption peak as indicated in the inset to
enhance the Ce 4 f state contributions [22,51]. The spectrum
shows that the sharp peak at around 0.1 eV originates from
the Ce 4 f 1

5/2 contributions contributing to the Fermi level
(EF), representing the tail of the Kondo-resonance peak in
the Ce 4 f states, and the Ce 4 f 1

7/2 final states are observed
in the shoulder structure at ∼0.3 eV as the spin-orbit part-
ner. The spectra are compared with the simulation based on
the itinerant model of the Ce 4 f electrons, which is ob-
tained by the partial density of states (PDOS) of the Ce 4 f
components convoluted by the Fermi-Dirac function and the
energy resolution for the RPES experiments of 60 meV. The
band-structure calculation was implemented by the WIEN2K

package [53,54]. The generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof scheme has been
used for the exchange correlation potential [55,56], and the
spin-orbit coupling (SOC) was included for the Ce 4 f states
in the scalar-relativistic scheme. The sharp peak structure in
the vicinity of EF is captured by the simulation reflecting the
itinerant component. On the other hand, the Ce 4 f 1

7/2 con-
tribution observed in the experiment, which originates from
the electron removal excitation [57,58], is not explained by
the simulation since the standard GGA+SOC approach is
based on the one-electron approximation. This indicates that
the many-body interactions are essential for the Ce 4 f states
with localized character, which is in line with the results of the
core-level spectroscopies as discussed in the former section.

Figures 6(b) and 6(c) show the ARPES spectra ob-
tained at off-resonance (hν = 744 eV) and on-resonance
(hν = 881.1 eV) conditions along the P-A line in the
three-dimensional reciprocal lattice, respectively [21]. The
parabolic band structures around the P point are clearly ob-
served in the off-resonance ARPES spectra in Fig. 6(b). These
bands are also observed in the on-resonance ARPES spectra
as shown in Fig. 6(c), originating from the possible Ce 5d
components, which are also enhanced at the Ce 3d-4 f res-
onance [59]. In addition, on-resonance ARPES spectra show
the weakly dispersed band besides EF mainly due to the Ce
4 f states. The intensity increases by crossing the parabolic
band indicated by the downward arrow in Fig. 6(c), suggesting
band renormalization due to the c f hybridization, although
the energy resolution is not sufficient for a further detailed
discussion. From our previous report on CeNi2Ge2 [21], the
strong band renormalization was clearly observed in the band
structures in the �-X line, which was measured at the different
photon energy with the off-resonance condition, i.e., different
kz for the P-A line. Thus, we should focus on the detailed
electronic structures originating from the conduction electrons

FIG. 8. (a),(b) ARPES intensity plot of CeNi2Ge2 along the Z-X
direction recorded with hν = 651 (a) and 714 (b) eV. (c),(d) Same as
(a),(b) of LaNi2Ge2 recorded with hν = 643 eV (c) and 705 eV (d).
Note that the ARPES data obtained at the different photon energies
are measured at different polar angles to measure the same symmetry
lines in the Brillouin zone of the body-centered-tetragonal lattice.
(e),(f) MDCs of CeNi2Ge2 (solid lines) and LaNi2Ge2 (dashed lines)
with hν ∼ 650 eV (e) and 710 eV (f), which is extracted from (a)–(d).

in the Z-�-X plane in the reciprocal space to elucidate the
anisotropic c f -hybridization effects.

Intensity plots of the ARPES spectra at EF in the Z-�-X
reciprocal plane, reflecting the slice of Fermi surfaces (FSs)
of CeNi2Ge2, are obtained at the two different photon en-
ergies of 651 and 714 eV as shown in Figs. 7(a) and 7(b),
respectively. These photon energies have been determined by
the hν-dependence of the ARPES measurements in the kxy-kz

plane [21]. The difference of the intensity distribution for both
photon energies is mainly due to the matrix element effects,
suggesting the difference of symmetry of the bands crossing
EF [60]. For both photon energies, the ellipsoidal FSs are
clearly observed around the X points. Especially, the FSs ob-
served in 714 eV are elongated to the � point. Compared to the
mapping on LaNi2Ge2, which is a good reference without 4 f
electrons to probe the band structures due to the conduction
electrons, Fermi momentum (kF) is closer to the � point in
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FIG. 9. Calculated band structures of LaNi2Ge2. The size of the
dots indicates the degree of the orbital components of La 5d , Ni 3d ,
and Ge 4p states.

CeNi2Ge2 as shown in Fig. 7(c), suggesting the anisotropic
c f -hybridization effects. This is highlighted by plotting kF

positions estimated from the momentum distribution curves
(MDCs) as shown in Figs. 7(d) and 7(e) for CeNi2Ge2 and
LaNi2Ge2, respectively. The FSs are indicated by the solid
lines based on the kF positions obtained at hν = 651 and

714 eV in addition to the high-resolution data along the
symmetry lines [21]. The FSs around X points are clearly
elongated to the � points in the CeNi2Ge2, indicating that
the renormalized band is only observed in the band structures
along the �-X-� lines in CeNi2Ge2, which is consistent with
the previous report [21].

Figures 8 show the high-symmetry cuts along the Z-X
direction recorded at hv = 651 (643) and 714 (705) eV for
CeNi2Ge2 (LaNi2Ge2), respectively. The ARPES data mea-
sured at around 650 and 710 eV are obtained in the same
symmetry lines, but the different bands are pronounced due
to the matrix element effect, suggesting the difference of the
symmetry and character of the band structures. The three
bands, labeled as b1, b2, and b3, are observed in the spectra,
and the b1 and b3 (b1 and b2) bands are clearly observed
at hν ∼ 650 eV (710 eV) as shown in Figs. 8(a), 8(c), and
8(e) [Figs. 8(b), 8(d), and 8(f)], respectively. For both photon
energies, the ARPES images of CeNi2Ge2 are similar to those
of LaNi2Ge2, but the detailed comparison of the MDCs shows
that the peaks of band b3 on CeNi2Ge2 are closer to the
Z point, as shown in Fig. 8(e), indicating that the holelike
FS of CeNi2Ge2 [see also Fig. 7(d)] is smaller than that of
LaNi2Ge2 due to the c f hybridization. On the other hand,
the peak positions of MDCs of bands b1 and b2 in Fig. 8(f)
are comparable for both compounds, indicating that the c f -
hybridization effects are not clearly observed in bands b1
and b2 within the energy and momentum resolutions in the
experiments. These band structures are qualitatively explained
by the band-structure calculation for LaNi2Ge2 as shown in
Fig. 9. The weights of the La, Ni, and Ge contributions are
different for each band proposed in the theory, supporting that
three bands have different character and symmetry.

To focus on the character of the band structures for the
conducting electrons, the circular polarization dependence
of the ARPES spectra on LaNi2Ge2 is examined along the
X-Z-X line on LaNi2Ge2 as shown in Fig. 10. The band

FIG. 10. Circular polarized ARPES spectra of LaNi2Ge2 recorded with hν = 643 and 705 eV in (a)–(d) and (e)–(h), respectively. ARPES
intensity plots are obtained with right (μ−) and left (μ+) circular polarized photons along the Z-X direction in (a),(e) and (b),(f). (c),(g)
Intensity difference (μ− − μ+) of circularly polarized ARPES spectra. (d),(h) MDCs with right and left circular polarized photons.
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mapping obtained at 643 eV, the intensity modulation for the
left (μ+) and right (μ−) circularly polarized light, is observed
in the inner parabolic band around the X point originating
from band b1, while the outer band derived from band b3
does not show a strong polarization dependence. On the other
hand, the rapid dispersion of band b2 shows a strong circular
polarization dependence for the X point. These differences
are visualized in the circular dichroism of the band mapping
defined as the difference between μ+ and μ− as shown in
Figs. 10(c) and 10(g). The strong contrast is observed in band
b2 as shown in Fig. 10(g), and the pronounced difference
is clearly observed in the intensity of the MDC peaks for
band b2, which is much stronger than that for band b1. This
indicates that all three bands have different orbital character
and symmetry, which induces the anisotropic hybridization
effects between the Ce 4 f states and the conducting band
[61,62].

From our previous work [21], band b1 along �-X direction
contributes to hybridization effects with strong band renor-
malization yielding the heavy spot in the FSs. Moreover, the
kF of band b3 in CeNi2Ge2 changes for those in LaNi2Ge2

along the Z-X line as shown in Fig. 8(e). Comparing to the
band-structure calculation on LaNi2Ge2 in Fig. 9, the Ge 4p
orbitals contribute to band b1 along the �-X direction and
band b3 near EF, which changes its electronic structures due
to c f hybridization. On the other hand, the Ge 4p orbitals do
not contribute to band b1 along the Z-X direction and band
b2, which does not change its electronic structures between
CeNi2Ge2 and LaNi2Ge2 as shown in Fig. 8(f). These facts
suggest that the Ge 4p components are important for control-
ling the electronic structures in CeNi2Ge2. We recall that the
ground-state symmetry of the Ce 4 f orbital is �-type with
the charge distribution elongated to the corner of the unit
cell, as shown in Fig. 5(a), indicating that the predominant
hybridization between the Ce 4 f states and the Ge orbital
is preferable. These results correspond well to the fact that
the Ge 4p components are important to control the electronic
structures and physical properties, giving the impact to the in-
plane magnetic correlations as shown in Fig. 2(b), through the
valence electrons derived from Ge, inducing the Ruderman-
Kittel-Kasuya-Yosida interaction in CeNi2Ge2.

IV. CONCLUSION

By using the core-level spectroscopies, we have deter-
mined the ground-state symmetry of the Ce 4 f orbital in
CeNi2Ge2 as |�-type �7〉 = −√

0.4 |± 5
2 〉 + √

0.6 |∓ 3
2 〉. The

magnetic properties are well explained by our crystal-field
model for the Ce3+ ion in the tetragonal symmetry. Since
the in-plane symmetry is �-type, the Ce 4 f electrons are
preferable to hybridize with the Ge 4p contributions, which
is consistent with the detailed investigation of the band struc-
tures for CeNi2Ge2 and LaNi2Ge2. This supports the strategy
to control the physical properties of CeNi2Ge2 by substituting
the Ge sites to achieve the new exotic phases around the
quantum critical points.
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TABLE I. CEF parameters in the simulation of magnetic sus-
ceptibility and specific heat on CeNi2Ge2. Molecular field (λa) and
constant susceptibility (χ0) along the a-axis are used for the simula-
tion of magnetic susceptibility as tuning parameters in Eq. (3).

B0
2 (meV) B0

4 (meV) |B4
4| (meV)

−0.99 0.066 0.36

λa (mol/emu) χ0 (10−3 emu/mol)

−100 1.2

energy levels and wave functions

E (K) |+5/2〉 |+3/2〉 |+1/2〉 |−1/2〉 |−3/2〉 |−5/2〉
390 0 0 1 0 0 0
390 0 0 0 1 0 0
230 0

√
0.4 0 0 0

√
0.6

230
√

0.6 0 0 0
√

0.4 0
0 0

√
0.6 0 0 0 −√

0.4
0 −√

0.4 0 0 0
√

0.6 0
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APPENDIX: CRYSTAL-FIELD PARAMETERS

The crystal-field Hamiltonian in the tetragonal symmetry
for the Ce3+ ion with total angular momentum J = 5/2 states
is given by

HCEF = B0
2O0

2 + B0
4O0

4 + B4
4O4

4, (A1)

where B0
2, B0

4, and B4
4 are crystal-field parameters for operators

O0
2, O0

4, and O4
4 in the Stevens formalism [63]. To analyze

the magnetic susceptibility, we use the crystal-field param-
eters as summarized in Table I obtained by the anisotropy
parameter α2 = 0.4 in the 4 f symmetry and the energy level
of excited states estimated by XAS and specific heat, respec-
tively. Figure 11 shows the temperature dependence of the
specific heat, which was reported in Ref. [25]. The broad peak
structure around 100–150 K is qualitatively explained by the
simulation based on the CEF model, while the structure at
∼ 30 K is possibly due to the hybridization effects, which
are not directly taken into account in our simulation [25].
By using the simulation based on the crystal-field model, we
obtained the excited states of 230 and 390 K, which were
reasonably explained by the inelastic neutron scattering [44],
as summarized in Table I.

[1] F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede, W.
Franz, and H. Schäfer, Phys. Rev. Lett. 43, 1892 (1979).

[2] F. M. Grosche, P. Agarwal, S. R. Julian, N. J. Wilson, R. K. W.
Haselwimmer, S. J. S. Lister, N. D. Mathur, F. V. Carter, S. S.
Saxena, and G. G. Lonzarich, J. Phys.: Condens. Matter 12,
L533 (2000).

[3] K. Andres and J. E. Graebner, Phys. Rev. Lett. 35, 1779
(1975).

[4] F. R. de Boer, J. C. P. Klaasse, P. A. Veenhuizen, A. Bohm,
C. D. Bredl, U. Gottwick, H. M. Mayer, L. Pawlak, U.
Rauchschwalbe, H. Spille, and F. Steglich, J. Magn. Magn.
Mater. 63-64, 91 (1987).

[5] F. Steglich, B. Buschinger, P. Gegenwart, M. Lohmann, R.
Helfrich, C. Langhammer, P. Hellmann, L. Donnevert, S.
Thomas, A. Link, C. Geibel, M. Lang, G. Sparn, and W.
Assmus, J. Phys.: Condens. Matter 8, 9909 (1996).

[6] M. J. Besnus, J. P. Kappler, P. Lehmann, and A. Meyer, Solid
State Commun. 55, 779 (1985).

[7] D. Jaccard, K. Behnia, and J. Sierro, Phys. Lett. A 163, 475
(1992).

[8] H. Hegger, C. Petrovic, E. G. Moshopoulou, M. F. Hundley,
J. L. Sarrao, Z. Fisk, and J. D. Thompson, Phys. Rev. Lett. 84,
4986 (2000).

[9] G. Knebel, D. Braithwaite, P. C. Canfield, G. Lapertot, and J.
Flouquet, Phys. Rev. B 65, 024425 (2001).

[10] M. Yashima, S. Kawasaki, H. Mukuda, Y. Kitaoka, H. Shishido,
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